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(hIIICIIl  c.ollw.tiwl  in ]mous tllill  ftl III clLclIodcs  olI solid clcdtoljdc.s lIas

luvI iIIIjMovcxl  I)y Usillp,  tllic.k  flli]l fI,l ids to dccILasc  stlcul  till(i  (:olltd(:[  Iisistfitm

ill Rllw Zlll(l 1’(W r.1(’ctl(dcs. ‘J’hc [1,1 icis ar(. (Iilcc[ly dq)cwilrd  (NI tlw solid

L’.lecltolyte.  c.itlm l)y s]mtt(’.]  - m ])lloto(lc.])o sitioll, and ttw cl(xl I udc. (Iqmsi[d ovm

tlic. ~,lid. (k)iIIjmlisolI  of llIc. ]wt  foIIIIaIIct  of clcc.tl(drs IItivil]f, sucli [Ili(ir.tlyillp,

/,1 i(ls w i t h  tl)dt of clcctl{dc.s  Wi[llotl[  sllc.11 [’,1 I(IS  IIas Sllou’11 ]Wt  fol llldllCC.,  aS

IIWIS111C41  b y  cllrft’.llt 0 1  jmwc.t ]) IOCIUCC XI, [0 [w illll)ltn’u<i  Ily 1 0  ~ 30% in

t..lccll(xics  wi[l] [’,1 ids.



IN’I’l<O1)IJ(:’J’JON”

1 k.viec.s  wllicll use. solid clcdto]ylcs,  suf II as fllcl m’.ll~, clcxtlolysis  cells

01 tlw alkli  lllc.tal  tlic.lll~al-t(~-c.lcctlic  COIIWI 10 (Ahdrl’J  X:) O(ILII lcq~li]c  tlml lIIc.

(: I(X[l(XIC t)C ] 0 1 0 1 1 S  ill OI(IC.I to illl[)W (liill S]K)l  i of \’2r]X)l till L)[ll’,11 tll~ CIC’CI1O(IC

floln 01 to tllc.  d(x-.llolyk. “J’hC  ?(!!JllilL:Il)~/lt of ])olosity”  ill (IIC. C.lcdlo(k Illlls[,

IIowcwcl, br.  hlalIcd willl tlw. ]Cqui]clncllt 01 c. ffl(:iclit  c.l[cllwtic  conducliol].

‘1’tlickc.tlill{’,  ttw dcdlo(k  to cII}mI~c.c  Clcctlol)ic (Olductivi(y IIIay I(wlt in f’,lcatly

itn]mlin~, tidns]mlt  [lllou~,h tk c.lcdl(dc, so ;tn a])])loach v.’lliclk will  Cvllmncc

c.(uduc.livity wllilc.  Ilmilltfiillinf,  tlw. ability fo] tl~:lls]mr I is dc<irdl)lc.  ‘llw ])]oblcm

(If ttl;~xitni~.inp, bollI c.(md~wtivity  ald tlalls]m] t in a II ICMl clwtrodc. hfis bmI

a(ldlcsscd  b y  Indkinp,  a tliirl filtii, ju(ms  clcctro(k  wllicl) c{~lrtziills  a tllic.kc.l p.r id

fo] clll rent collcctiotl.

lilcdto(lcs  wlli(:)i  C(mlai]] 011 Ic.nt  c.(~llcdioll fI,r i(l< Imvc. bum Illa(ic.

sjmif]c.  ally fol’ AM’1’I 1(;, which is a dirmt cIt(JF,y COJIVCJSiiHI  device. c.a]ml)lc. of

ncal-(kljlot  c.ff]ciwlcics. ‘J’hc. (kwic.c  is a sod Iuru collccrl(l dl i(~ri cdl wltich uscs

a ccra[nic, ]mlyclystallilw  fi’’-alumi]m  soli(l c.lc,..  tlolytc (I IASI:) tube as a sqmlator

bc.twcm a lli~,ll  ])lcssu]c  Icf,i(m corit~illit]~,  liquid Sodiul]]  ill 900. 1 3 0 0  K aid a

l o w  ])]c.ssl)]c ]c~,iol] ml]ttiirlitl~,  a coldcl)sc]  at 400-  “/(K) K. S(diu Jn ltwtal is

oxidiy,ed at t}w liquid s(xiiu]dl]ASIL  intc.I fxc. aid s(diull~  iotls aIC (mdud(xi

tlllou~,ll tllc lIASll to tlm low  jHcssuIc  skit o f  tlw IIASI L Iilcdlm]s  tl~vcl

thl(m~,h an Cxtc.1  Iml lm(i to lcc.on]l~ilm  wit}l  stdiuln  iwls al [tic ifitc.t  face bc.twml

I\ AS] 1 awl a thin ftltli, lm](ms ~mtal cledrodc  wllic.11 has I)rclr dc.jmitcd onto tlm

low ]HCSSUI c s i d e .  o f  tlm l{ASI i; sodium vajm llavcls [lllml~,h  tllc J)01ONS

CICCII o(ic, ]cavcs t h e  clcdl O(IC as v:i]m an(i  i s  c.o]]c.ctu4] [)JI i+ cold condc!tlscl,

flor]] wllid  it CXII bc Iccilculatd  to tl]c l)(~t, I]if,h ])lusstllc  s ide  of  tlw. IIASI i
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[1,?].

Scvc Ial stu(lic.so]i  dcdl(xlc  IiMlc.Iitils  fo] AM’J’l~C tl:l~’c.(lc.lc.llllitlc{l  tl]a[

Ill[>{litlil  l-tltllp,s[c.[] fillns co slmttc.tcxi  a])j)]oxitnalcly  1.() plII t)lick  aTC. aIIImp, the.

kt pCJfo  JIllillf, C] CC(lo(i(’S. ‘1’lwse. f]lllls typi(:ally e.xllibit ]mvc.t (Ic.llsitiu o f

- 0 . 5  W/c1112  [3,4]. (: LIIIL’.II[ collectors” lm(lcof  nmlyldcIIuIII ]]lcsll are[)\’cIlai(l

on ttw dcd Io(ic aII(l  tic41 011 wi th  III O1yb(lcIIu  III w i l e . s . I t  is 11(’44xs21y  to Llsc  a

C. UI-rClIt  coll@oJ which will not im]vdc  sodium va]mr flow :{s sodiu]n lmvc.s ttlr

dc. dlodc [0 c.wdu~sc  oII (IIC co]d sul Jw.c.; CL II JCII1 collcc(iotl  ndworks  hvc

iidu(k41 w i l e . s  s])i]dlc.d  OVC.I bus 1u31s aToul Id tile. dcctl(xlc.  [5] ,  llctwoI ks ln,wlc

of ind iv idua l  wil (CS 0] oi” IIIdal  II IC.SIICS OI sc.I C4VI [4 ,6], ald coa I SC fc.lt (u s]m]III,c.

1“/].

]’(nvm (knsil  y in aI”I AM’]’] {C c.]cc1[ O(IC is ]OWCJ  cd t)y JcsislalKx  in t]]c.

(+?dl OdC (Skt 1 CSi StWX’) ~Jl(]  by 1 Mi St21TlCC b[’tWM’.ll t} IC. C.](’d J“O(l C. illd Cll J 10)!

(Wllel’’tol (Colltac.1 Jcsis[allcc). I<edllcii]p,  shell Ie.sisttitwc l)y thickcllinf, [Ilc

dcdlodc ovmal] i s  I]ot I)ossiblc kcausc. o f  t}](” I“ICX’4]  to Ilmi[llail] ])at}lways  fol

sodiu]l] vapo] tl atlym [ thmu~,h  the. cledro(ic. ]11 OJdL’1 t o  ill”lpJOVC. thC.

])C.JfOJll)allCC  o f  t]lC CIIJ Icllt CO]](!dol ,  ~,li(is Oi Ildyb(klllllll llld~i ]l~VC t)C4Vl

diicdly  dq)osik41  OH tlm IIASI{ surFdce,  atd tll~’. p o r o u s  Illctal  dcdJ()(ic s]mttm

dc])osi[c41  OVCJ  ttm ~,1 ids. ‘l”hcsc  [Ifdcrlyiilj;  f,li(ls ale citlm sjmttcl o r

j)lloto(le]){)sitc<l  onto tlm llASli. “J’hc cledm(le is thus tt]ickcml  in a ~,r-id ])attctl),

lowcl-ins,  Ic.sistatm  ill the tliickcnc41  rc.gioJ]s  while. mainlainin~.  the lmosity of the

Ckcllo(ic  WhC’.JC th(!lc. is  110 f,lid. ])irc.dly dcpositc41 f,rids tlavc  tlm a(lvaflta?,cs

o f  hcillp,  cmily lc.J)l(ducil)lc.  and rcqtlil-inp) l i t t l e  a(lditiwlal  lla[dlin~,  o f  tlm

CClalnic.. otlm (Ic}msitiml  tcdll~i(lwx,  sdI a s  ]mil)tiJ\~’,, s])~;{yii}j’, 0] ~M il)tin?, (m

l)at to IIS 01 slmt 10 (iqmit  inp, over a ph(doJ  csist mask at c lc.ss suital)lc. fm time.

Fat) 17, 199LI  1 1 : 3 5  arl] [)irocily  Deposited Grids / 2



a]qdicatims.  A(l(li[imml  haidlill~ of tllc. c(’.lalllic  c.](’t[ro]yt(” Iaiscs the Jmsibility

of damq,c bcf(uc USC., aIId the CICXII 01 yk is scjlsitivc to walct, acid, (X)2 and ion

cxc}IaII~c,  so colnm(m  solvents and rca:cntS a m nOt apploi)l  ifitc to USC.

l’hotolylic cl)cmical  vqmr dcpositim], m ]~llotoclcj)ositi[)tl,  i s  a WC.11

cstablishe41  tdlnique. in the. field of scmicon(iudor  (Ic.vice. Pdbrication ald may

Iw aJJJ)lic41 to (lc.Jmitioll of mr.tals atd lnctal alloys  (Ml IIw.tal atd i n s u l a t i n g ,

substr’tltcs  as Wc.11 as 10 scll)icoJl(lllc(  OI”s” [ 8 - 1 2 ] . It is accoII)J)lisll(’41  at l o w

]U(XSIIIC With an ol~,anolllctai]ic  vapol, such as a J]letal  ctillx~tlyl,  Sur[ouldinp,  the

substmtc. ‘1’hcsubs[latc  isnmskc41  or light is iina~,e41 in tll(:])attcr[l (lcsi1c41;  the

substrate is then irla(liatc41  with ultlavio]ct  li:llt. “J”hC  OI~,aTloJllC.(al]iC” COJl”IIWUIld

(Iissociatcs as a Icsu]t  o f  absO1j)tioll  o f  lJV lip,llt at](l IIlc.tal COJl(tCIiSCS  OJI ttm

subst Jatc. suJFdcc in tlm i l luminate ar~a. I t  i$ ]mssiblr to WIitC.  ])attcflls  w i t h

llliCJ”(NINtCl rC.S()]U~i()Jl  OJ1 the S[Jbstrfit(!  USiIlf, ])]]otO(iCj)OSitio Jl [ 8 , 9 , 1 3 ] .

}kJXTiJll(’JltS  ]aStill/, OVC!l ]()()()]IouI’s’  ill a SO(]i Ull) Cxjmsurc. tC.St Ch2111bCr

(S];]’f:)and in AM’1’li(:  CC]lSh2VCSh(W1) thal at tcill])c.ltit(lrcsa[)[~i~c  1000 ~,

dcdlo(lcs w i t h  (Iilcd]y (Iqmsitcd  p,lids c(msis!c Jllly ~w.rfol[ll b e t t e r  tlmn tlmsc

Withollt SIJC]I ~,ri(ls. ]Ioth ty]m o f  cJedro(ics have.  tic(l-ml  tncsh c.urrcnt

C.()]lIXk)Js.  ‘J’]I(Mc with HIIdCJ ] ying :1 ids have Jowm shed msistanc.e.s  ald hir,hc.r

powu dc.nsitics. “1’lIc Jmvcr densities of e.Jcctro.lc.s  with deposited ~,t ids aIc. 15-

?f % higher tlmn  the withfxlt,  in sJ)itc.  of tk t I]ickcnd  w cxts occluding sodium. .

vapor  t ransporl. As AM’1’I X; cdJs J]avc leccntl)  bcm ojmatd  at cffic.icncic.s  as

high  as ] 8% [ 14] arid ale. ]m)~ede41 to o]xmtc WCIJ in CXCC.SS of ?()% [ ] S], this

incrcasc in c.lcct  todc Jmvcr dc.nsit  y call result i II an ovcrdll  ilm case. in dcvicc

dficicncy o f  -5  %,
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ILXI)IL1{1N41;N”1’AI,

1’01 ycxystallinc  ccmmic fl’’-alunlina tub(s, 4.98-5.02 Cln citculnfcrmcc,

were pudased  from Ccr amatcc, lIIc.. and pI ll)am41 fol usc b y  fl]ing in a i r  at

1200 K for 4 hours. ‘1’hcsc  tuks wcv c. mask(41 in pattcJ ns with stainless skd

foil or Kaptcm  ribbons. l)cposition of both ])lmto-  and s]~llt[c.I--(lcjjosited  gri(is

was done in two Skps;  the. mask was place41 it] onc dilczt ion (c. g. parallel to the

c axis of the tuk), tl)e. lnatcl  ial (icj)c)sitc41,  thc!l the subst late I cm(wc41 from the

d e p o s i t i o n  c.l]ainbcr  an(i maskcii i]) a pcI jwmiiculal  (iii cc.tion,  to m a i m

intcrconnc~ting,  ~,Ii{i  lines. Af[(:l- j:ri(i  lines ucrc (icimiteii  011 the /3’’-alumina

tutxx, clcdmics  w e r e  (ic.jmsitc{i  by n]a~,lmtlon  sj)utlclin~,. Illedro(ics  were

tyj~ically  cylincirical  in sllalm, 1 CIIl wi(ic., for a to ta l  su]facc alca of -5 en+.

I’llotc)(le])ositiorl

MolyldcJ~(IIN Jm.tai w a s  (icpositc4i o n  Ihc maskc4i s~lbstratc.  using in a n

cvacuatc41 cllambcr c41uij)jm4i  with a fusr4i  silicd win(iow, as SIIOWI) in liip,urc 1.

100 ]]~p, of Mo(C())6w~as  ~Jlaceii  ina sc]~alatccl  ~al~~l)c.rv’l~icll  washcatc{i to40

‘ C ,  whicl] could k opcnc~i  to the. dcjmsition  challlbc].  “Ilm s u b s t r a t e  w a s

mountc4i  on a rod c.ontainin~, a iwatcr and the. substrate lIcatc4i to 120  O(:. ‘1’hc

wim])]c c}~ambm w a s  cvacuate4i,  thcm opcnc~i [0 a ftow of I]c.lium to bring  t h e

chamtm  ]wmsurc to -.S k m . ‘1’hc Iwliulil  ft{Iw was (iirmlcxi  at tlm witl(iow to

kc~j~ it dear of h40([X))6, in m(ic.r to p~c.vc.llt  pllotc)(icj)(lsitiol]  of Mo cm tk

irlsi(ic{lftllcw’illdov’.  lle.li~]l]l  c:~rlic.r[~,as(]l  = .25 toJ”l’)  W2 s fl(m’c4i thmq,h the.

chamkr coJ~taining MO(CX))C,. ]t waS JIOt p.NSit~]C to Jl”lCaSllJC t h e  Mo(U)),

pmssurc.  [iircdlyas thccadmny]  will lmison nlost pn’,ssulc ~,au~,e.s;  tlmpmssurc

of Mo(CO){,  at 40 ‘C is cstimakxi to tx -().0’/ torr. ‘JIIc snll~])lcchambcr  was
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Opmcll  tO tk mdal  carbmlyl  chan~bcr,  bfin~itig,  [k Ma] plessulc  to -0.75 torr.

‘1’hc full output  of a 1000 W Xc-1 lg lamp (I lalmvia)  was dircckxl  through the

window to illuminate the substrate. “1’hc pmcr inci(knt on t h e  wmp]c  w a s

measured  a s  - .01 W/cIll’  (200 - 2s0 Ilm).

‘J’k dqmition  rate. of Mo from pho[odi ssociatcxl h40(C())6 on a 120 ‘C

substrate was dctcrmincd  to bc 5 pndhour  at 0.01 W/cmz of 2.00-250 nm

radiation. ‘1’hc grid patterns on the. cy]indl  ical substrates uscLJ in these

cxpcrimcnts were deposited in thrm sq:mcnts,  and so the tube. was tmm41 12.0”

after two hours of dcpositicm. ‘J’hc result was a rcg,ulal dqmit approximately

10 ~tn~  thick, in a typical grid pattcm, the lilm were. 2.50500 pm wide, defining

rc~[an~,les  of 6-8 IUII)2. l@r a cylind] ical rcf,ion 1 cm wide. on the tube, an

clcctrmtc.  area of -- 5 cr~r? was dcfinul by a F,I i(i pattern, ‘1’hc lines of the grid

rcprcscntcd some 15-20% of the e.lcctrodc area. After dc.position in both

directions ( -1 c axis and // c axis) the IIAS1l tube wilh hio lines was annealed

under vacuum  with a zirconium foil ~c.ttcr at 1225 K for 4 - 6 hours. Anncalirrg

rcsulkxl in a loss of 10-2.OYO  of the grid height, result in~, in lines -8 ILIN thick.

I’he rcsistivit  y of the Mo lines was 50 j~fl-cm,  or aJqmxi  [natcl y 10 times the

t~ulk rcsistivity of nmlybdcnum. The grid lines were tidhcrolt, and cwld not bc,

pmlcd off with adhesive tape or scraped off will] a scalpel, cithc.r  before. or after

annealing.

Spu!lcr Deposition

Sputter dcpositd grids were made. by [l~askinf,  tlw fl’’-alumina  tube with

adhesive. tape to ctcfinc  the g,rid patte.m. llc.cause sputtering, is not a linc-of-

sight process as is l}l~oto(lcj~c)sit  iotl, it was l~cccssa.ry  to have the nlask for
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spu[(crcd 1 i ncs held firm] y again st the substrat  c. surFdce.. Kal>ton  or papc.r tape

which was adhesive on one side was used for t}m mask. Aftc.r masking, the tub

was placed on a rotating ho]dcr in a chamber for d.c, lnagylctron  sl)uttcring and

sputkmd  with molybdenum using a 99.9% pure target. ‘J-lie first set of lines was

sputtered 10 pm thick. ‘1’hc substrate was rcllloved  and masked with a scumd

set of adhesive tapes to make the cross line. ‘1’]m sputtered Inolytxtcnum  did not

adhere WCI1 to the. /3’’ -alunlina  and was partially pulled uj) by the adhesive tape

mask. I Iowcvcr, aflcr the second sputter, the resistivit  y of the g,rids was 2.00

/t(l-clIl. ‘J’hc spu([cre~l gi ids were. not annealed.

Ncctrwles

Rhodium tun@m  and platinum tungsten electrodes wcr-c dqmited  on the

~“-alumina solid e.lulrolytc  tub by cosputtel  ing the two c.lcmcnts using d.c.

magnetron sputtering, [ 1 6]. “J’hc tubes were. masked to dcflnc.  elect  rodcs 1 cm

wide. A sc.ries of electrode.s were put cm each tutm, some having undcrl ying

grids, some without.

1 llectrodcs  were wrapped in nlolybdemunl scrccn whit]] was tie4i  on to the

lIASI; tube with Mo wire. Molybdenum wile leads WCIC attached to each

clectrodc and insulated with 99.8 YO [~-al un}ina ceramic tube.s. } ilcctrodcs  with

underlying grids were compared t o  clcctmdes w i t h o u t  gri(js i n  t w o

configurations, in a Sodiunl  l{xposurc  “J’cst W] (S]HV) amj in a full AMT1lC

cxpcrimcnt.

Sodium lhpostlre ?ksl  Cdl

“1’he Sodium }}xposmw  “1’cst Ccl] (S1 i’1’(;) consists of a stainless steel
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chamhcr wi{h a flange containing six fcdth]-oughs  for lwds  and thcrnmcouplcs

and a heater WC] I which goes the length  of the chmbcr,  dowJI the center. A

diagram of the Sli’1’(:  is shown in l:i~,are  2. A sezlion  of IIAS1 i tube with four

5 cm’ clcctrodcs was mounted  on the. heater WCII.  ‘1’he hratcr  well was insulated

with u-alumina, cle.ctrically  isc)lating  the 11AS13 from the cllambcr.  The chamber

was scaled and cvacuatcd,  and 20 grali~s of sodium metal added after evacuation.

‘1’hc chamber was put in a tube furnace and the entire assembly elevated at one

cnd so the liqui(i  sodium would stfiy in cfmtact  with tl]c fiangc,  which was

wrappcll  in a heating tape for tcmpc.rature control of l}lc liquid sodium. By

heating the furnace and placing a heater  in the heater WC.]], the I\ASI; tube could

be kept at a constant temperature, with a gladient across all four eleztrodcs of

no more than 5 K. “1’hc sodium pressure in the chainbe.r could be controlled  by

the tcmpcraturc  of the flange with w}lich  the Sodiuln  was in contact.

‘1’hc four electrodes  on the DASI i we] e a pair with undcrl ying grids and

a pair without. ‘1’hc pairs wcm operated as a two electrode. elect rmhcmical cell,

using a I’AR 173 potcntiostat  with a PAR 193 llniwmal l’rogrammcx  for

applying a potential ramp. ~~.ach  eicctro(ie  in a pair was operated as both an

anode and a cathode by changing the potential betwezn  the.m.

ljlmt rochemical impedance spcctroscol)y  (111S) st udics were made on each

pair using a set-up which has been lwcvio~lsl  y described 14]. A nmlc] which

allows determination of electrode performance parameters analogous to those

cicfined for clcctrodcs  in an AMrI”lK;  CCII [3,4] was ciewe.lopc4i. I)crformancc

parameters (icte.rlnincd  include 1<.,,, tlm apparc.llt  charg,e tl allsfcr rcsistancc;  B, the

te.l~~~~crat~lrc-il~  (ie~~cl~dcnt  cxchangc  current; G, a (iinlcllsiol]lcss  morphology

paramctc.r which rcfkzts impwiancc  to sodiuln  flow throuf’,il  the cicctrmtc;  and
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the current nmsured  in an iV curve . ‘l’he nmdcl may bc u s e d  w i t h

electrochemical inqxxiance  spectra or with iV curves, and has bum presented in

detail in a report from J1)I. [17].

AMTEC Expcnment

After testing grid components in the S1 i I’C, a lIASR tube was prepared

for an AM”I’lX experiment. ‘Ile cxpcrimcntal  set-up a[ld methods of data

analysis have bem previously dcscribcd  [4,6]. in order to compare clcc[rodcs

with grids with those without grids, a }IAS13 tubes was prepared for an AM’1’lX

cxpcri  mcnt with six 5 cn17 elmtrocics. 1 ~our of those clcctrodcs had under] ying

grids, two di(i not. onc of the electrodes with a grid was contacted by tying a

single molybdenum wire around it. ‘l-hc other flvc electrodes were contacted by

tying molybdenum screens over Ihcm with Mo wire, and attaching a Mo wire

lead.

RILSIJJ,TS ANI) l) ISCIJSSION

For efficient operation in soli(i clmtrolytc  CCIIS sucii as AMrl’lX, current

of a few Amps/cm2 and equivalent gas fluxes ale required whiie iR 10SSCS must

bc quite iow. I/or example, an AM1’EC CC1l  operating at 0.5 W/cn~2  (1.0 A/cn~2

and 0.5 V) may have an intcrnai ohmic component of resistance of -0.4 Q-

cm’. A change of (). 1 f)-cm’ at the same current density wouJd ci~ange  the power

and efficiency by 20% relative to initial power and efficiency lcvcis.  The effect

of smali ohmic resistances is less significant in higher voltage, lower current

cicviccs. q’hc overall effcd of changes in elect! odc sheet resistance in a device

such as AM’]’] iC can bc significant [4,6], and it is ti~ose effects which arc largcl y

Feb 17, 1995 11:35 e m Directly Deposited Grids / 8



.

responsible for thepcrformancc  improvemmlts  madein  this study. Calculations

of current and voltage profiles across thin film elect  mdcs with shcxt resistances

of some 10 0/[]  in cylindrical and circular grid gcmnctric.s  have been reported

ilreviously  [4,6]. These calculations showed that in the case of 1 mm radius

circular grid elements, for a grid voltage of 0.4 V (typical peak power voltage

for an AMTE~  electrode), the current density would decline - 30% from the

perimeter to the center of the circular electrode clement. Placement of grids can,

then, prevent loss of current carrying capability in c.lectrmics.

A full description of the e. ffccts of undcrlyirlg  grids on electrode

performance requires determination of pcrfm mancc pawmctms  which may be

cxt ractcd from expcri mental data, as well as the shw.t rc.si stance (~k)  measured

before and after the cxpm-imemt,  an(i the spcciflc  power during operation, Those

parameters which may be mcasurcxl  dircctl y are apparent charge transfer

rcsi stance (I&), shmt resistance (1<~) and lead and contact resistance; those

which are derived using the n]ocicl arc t cmpcral  ure-i ndcpcndcnt  exchange current

(B), and the morphology factor (G). Each of these parameters may be

dCtCrlllillCd  frO1ll  an AMrl’~~~  C.XpCrinEllt  Or fJO1ll all s] ‘T(; eXpCrilUC1lt,  LISjng

ci thcr current-voltage curves or cleztrochcmical  impcdancc.  spectroscopy. The

model  for calcu]at icm of these paramcte.1s  from AMT1 K ccl 1 data and from IHS

on an AM”l’E~ ccl] has been prcviousl  y discussed in detail [4, 18]. Such a model

has also been dcvclope4j at JPI,  for analysis of SETC data [ 17].

The derived parameters are not full y indcpcmjcnt,  as a high sheet

resistance has the effect of reducing  the active electrode area to that near the

current conduction network (grid line or lead), and rcducit]g  B while increasing

G with respect to tlwir “true” or absolute values for the electrode film, The
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morphology factor, G, is a dinmnsicmless  parameter which scales linearly with

the impedance to sodium vapor flow from the reaction region at the

electrode/electrolyte interface to the condensm. It may bc derived from 131S in

an AM”I’IW cell or from the observed limil ing currcnfs  in Sli’I’~ ccl] currcnt-

voltagc curves. The charge transfel  resistance I<c, and the exchange current B

correspond to standard elcctrochemi  cal tern is. In an S1 irl’~ cell they may be

derived from the slope of the current-voltag,e  curve about 0.0 V, taken at low

sodium pressure.

Sputter Deposilul  Gn”ds,  M W Iild rods

A set of experiments, an SE1’C and an AM’I’11 expcrinwnt, was done with

rhodium tungsten electrodes and sputter deposited hlo grids underlying the

clectrodc. Table I shows several chal-acte.ri  S( ics of clcctrod  cs before, during and

after the AM”N K expcri ment,

Rcfore operation, the sheet resistance for electrodes with grids was lower

than sheet rcsista.nce  in electrodes without g,] ids. “1’hc i mj)rovcd  sheet resistance

is rcfkctcd  in the ]owcr I-laCt  and higher  11 found in gl ;(j electrodes. G, the

morphology factor which is an indicator of i mpcxiancc  to sodium transport

through the cleztrode is higher in grid electrodes than in electrodes without grids.

As 15-20 % of the proje@xt  area of an electrode is occluded to sodium flow by

the 8 pm thick grid lines, it is not surprising that soclium flow is somewhat

inhibited in electrodes with grids. Neverllwless, as seen in l:igures 3 and 4,

overall performance for electrodes with grids was superior to that of electrodes

without grids. The electrodes in the AM’J’1  K cxpcrimcn( were contaminated

with copper, which alloyed with Rh in the c.lectrodc  and formed an intcrmtallic,
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resulting in a high sheet resistance after 800 hours of operation.

Figure 3 shows a comparison of electrode performanm  in the SIHW. It is

a plot of the ratio of measured or calculated elcctrodc performance parameters

vs. time, where the ratio is that of grid pcr formance  to no-grid performance.

The electrodes were held 1125 K and the sodium pmssurc within the chamber

was .2-.4 Pa for all 1

at 1 V, R.d, and G.

consistently higher

di ffcrence was 20 YO

Ioints. Three performance paramctm  arc included: current

The current for electrode pairs with under-l ying grids was

han current for pairs Without  grids; the avexage  current

“l’his current di ffcrencc has hcxm cor meted for electrode

area and for the distance bctwexx electrodes in a pair. R.,., in the electrodes with

grids was consistently lower than Rad irl electrodes without gI ids, indicating lower

resistance in the electrode. The morphology factor G was consistently higher in

electrodes with gri(is, indicating poorer sodium traflsport in those electrodes,

which would be expected in electrodes with occluded regions.

In an AMTkZ  expcrime.n(  using sputter del)ositcd  grids, ~Jower produced was

consistently higher for electrodes with both grids and overlying mesh. Figures

4a and 4b show plots of maximum power vs. till~c  and povm vs. bmpcrature  for

two electrodes in the cell. After the. initial maturation of electrodes, the

maximum power for the, clectrodc with the underlying grid was, on the average,

30% greater than the power for the elcctrodc wilhout  the gr id. The power levels

compared in l:igure 4a were produced at tem~)craturcs  from 1050 - 1125 K.

Note in Figure 4b that the. temperature of the n(m-grid  clcctrodc was somewhat

higher than the tcmpcraturc of the grid elcctrodc, but that in spite of the lower

temperature, the grid eleztrodc had higher powc.r. ‘1’hc clmt] odc which had an

underlying grid and a single molybdenum wire lead had maxi munI  power about
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10% lower than mesh-contacted electrodes without underlying grids. ~urrcnt

collection networks including meshes capable of carryin~ hk}~ ctirrcnts are

important in cells with current densities of -1 A/cn~ and greater, as is the case

with AMT1;~  CCIIS.

Scanning Ikctron Microscopy (SEM) done after the SIlrl’~  and AM”I’EC

expcrirncnts showed that there was no measurable migration of the sputtered

molybdenum grids into the RhW electrode material, although grain growth in the

Mo grid area was faster than in areas without p,rids. This increased rate of grain

growth is consistent with measured surface self-diffusion coc.fficients  which show

Mo to diffuse 1 to 2 orders of magnitude faster than J’t2,,W and Rh,W at 1125

K [19], The grifj  linm were not adherent, and upon removal of the IIAS13 from

the cell, flakes of mol yhdenum  plus Rh W electrode could be seen separating

from the clcctrol  ytc. ‘l’his flaking was consistent with the observation before the

experiment that the grid lines could be lifled from the solid electrolyte with

adhesive tape. The relatively high sheet resistance in the electrode is attributed

to flaking and buckling of sputter deposited grid lines during operation.

Photodeposild  Grids, Pt W Iikctrodes

An S13T~ experiment was run to compare pairs of PL.5W electrodes with and

without underlying, photodeposited  molybdcnunl  grids. AS in the case of sputter

deposited grid lines, the initial sheet resistance of electrodes with grids was lower

than that of electrodes without grids. IYip,ure 5 shows ratios of current at 1 V

and Rd,t for grid/no grid electrodes. Pt, ,W cleetrodcs have CXCC1 lmt sodium

transport characteristics, and there was no apparent impdance  to sodium flow

in either grid or no-grid electrodes (G ==0) at the cxpcrimcnt temperature of 1125
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K. In an experiment lasting -1300 hours, electrode pairs which had underlying

current collection grids consistently had higher currents than pairs which did not

have such grids. I)uring the first 50- 100 hours, the electrode pair with grids

improvcxl its performance, while the pair without de~lincd  slightly. The

improvement in performance early in life is attributed to a lowering of contact

resistance between grid lines and electrodes as Mo and Pt-,~W grains conform to

each other at high temperature and as any imlwrities (e.g. oxides) in the grid

lines arc renlove~  by sodium in the electrode. After 500 hours, and until the

experiment was turnefi off at 1300 hours, the grid electro(ie  pair carried 10%

more current than the pair without f,rids. ‘l’he resistance in the electrodes

followed a similar pattern.

~ONC1.USlON

Grid lines occluding some 15-20% of the surface of a porous eleetrode on

a solid electrolyte can be used to improve the electrical characteristics of the

electrode, resulting in overall improvement of performance in a cell. It was

found that the mechanical characteristics of p,rid lines deposited by photolytic

chemical vapor deposition were superior to those deposited by sputter deposition,

in that they are adherent and do not flake off the solid electrolyte under

operation. Performance, as nwasurexi  by Ram and by current-voltage behavior,

was somewhat better in sputter deposited grids than in photodeposited, possibly

because of CO or carbon inclusions in photodeposited grid lines.

Experiments are underway at JP1.. to investigate various aspeets  of current

collecting grids. These aspects include. deterll~ination  of the optimum line widlh

to minimize G, and diffcrmt  contacting configurations to eliminate the need for
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tied-on meshes. We are also investigating the possibilities of directly depositing

grids which overlay the electrode and its underlying grid and in making grids

which are integral with the electrode; i.e. made simultaneously with the

electrode.
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TAB1 .13 I

Rd,  OMr Rd) WI Rad .W Rad 400 1150 Bm (3. Gm

0/[] 0/[ 1 n n AKlml’a AKlml’a

(;1<11)  1.4 9.0 1.8 1.6 112 57 7.2 8.2

NC)(;R 9 . 6 9.4 3.0 2,2 ?7 29 4.8 6.9

Table I: Characteristics of RhW electrodes with and without sputtered Mo grids

in an AMTEC cxpcrimcnt, before, during and after an 800 hour experiment. ~~

. sheet resistance at O and at 800 hours; R.d - charge transfer resistance at 50 and

at 400 hours; B - temperature independent exchange current at 50 and 400 hours;

G - morphology factor at 50 and 400 hours
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1.1ST OF FIGLJRES

1. The set-up of photo]ytic  chemical vapor deposition using a Xc-Hg lamp.

2. The Sodium 1 ixposure  Test Cell (S1 H-C); (a) refers to vacuum-tight

feedthroughs for electrically isolated electrode leads, and (b) refers to

fixxlthroughs  for thermocouples and other monitoring devices.

‘3. . Ratios of current at 1 V (0), Rd,, (~), and G ( + ) of grid to no grid

electrodes operated in an SIH’C at 1125 K, plotted vs. time. Sputter deposited

Mo grids under sputtered Rh2W electrodes.

4a. Ratios of maximum power (0) and of R.ti ( + ) of grid to no grid electrodes

operated in an AM1’EC CCII, T == 1100 K. Sputter deposited Mo grids under

sputtered RhzW electrodes.

4b. Maximum power of grid ( + ) and no grid (0) cle~trodcs  operated in an

AMTEC cell, plotted vs. temperature. Electrodes with g,rids produced higher

power at lower temperatures.

5. Ratio of current at 1 V (0) and of Rdc, (*) of grid to no grid electrodes

operated in an SETC at 1125 K, plotted vs. tinm Photodcposited Mo grid lines

under sputtered Ptz,5W electrodes.
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